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Commercial Segment is now driving technology innovation with profitable goals of Global Wifi Coverage, Internet of 
Things, and Earth Imaging data products.  
Introduction
2
Commercial and government innovation enables new applications of large constellations in Near Earth Orbit
OneWeb1 DARPA Blackjack2
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Large constellation systems will drive the need for autonomy on orbit
Automation vs Autonomy: 
• Command and control vs independent of external control
Autonomous operations required for:
• Time-critical scenarios
• Data streaming 
• Data latency reduction
• Operational cost reduction
• Increased mission performance and efficiency
• Profitability increase
• Increased efficiency lowers cost per data product ratio
Problem Statement
3
SpaceX Starlink using Autonomous 
Operations to Avoid Collisions with 
Other Objects in Space4
• Saves time and cost in collision 
assessment but may cost the spacecraft 
unnecessary propellant expulsion to 
satisfy a non-optimized threshold 
DARPA’s Blackjack Strategically 
Implements Autonomous 
Functions2
• Must process collected data, determine 
the authenticity and relative importance 
of data, build a useable data product in 
a communicable format, and deliver to 
warfighter without human in the loop
NASA Deep Space Missions will 
rely on Autonomous Operations to 
Mitigate Time Delay Risks5
• Time delays of deep space missions can 
quickly exceed reliability thresholds
Objective: Investigate the achievability and utility of autonomous operations in large constellations
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Current Mission Operations Practices
4





Mission Planning - Operator augmented with automated tools is primary
Activity Planning and 
Development -
Operator augmented with 
automated tools is primary
Mission Control - Operator is primary




spacecraft implement much 
of this function onboard
Software and hardware 
provide primary capabilities
Navigation and Orbit 
Control
Software and hardware on 
spacecraft is an option
Software and hardware is 
primary
Spacecraft Operations -
Short- and long-term 
planning by operators, 
augmented with automated 
tools
Payload Operations -
Short- and long-term 
planning by operators, 
augmented with automated 
tools
The 13 Functions of Mission Operations System (MOS) and How They Interact6 Identifying Where to Carry Out Functions6
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In many space applications, the term “autonomy” is used to reference a 
rules-based state machine either on board the spacecraft or at the 
mission operations center
• The state machine is able to perform actions that have been encoded 
• ONLY rules and outcomes that have been encoded can be acted upon
• Still often requires human intervention
Challenges to true autonomy:
• Self-Awareness
• Advanced sensor technology
• Powerful On-board computing capabilities
• Scalability
• Ground testing and virtualization
Autonomy Limitations
5
ST5 Represented Significant Step 
Towards Autonomy11,12
• 100-day mission, NASA’s ST5 operated 
with a “lights out” period during which 
the constellation executed pre-
programmed commands without 
ground input
• Encountered unforeseen anomalies and 
required the activation of an “Anomaly 
Team” to mitigate anomalous sun 
sensor data
• Represented important progress 
towards autonomous systems but 
would have benefited from true 
autonomy
NASA ST5
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Advances in on-board computing capabilities support integration with AI/ML, facilitating further efficiency 
and autonomy
Key enablers in solving autonomy challenges for constellations:
• Trajectory planning algorithms
• Connect the current state to the goal state
• Spacecraft motion planning algorithms13,14 
• Optimal slews
• Rendezvous and docking maneuvers
• Industry beginning to standardize task planning algorithms
• Enabled by PDDL
Major challenges to utilizing these methods:
• Defining cost functions for constellations 
• Developing computationally efficient propagation algorithms to construct 
and search the graph
Autonomy Enablers
6
Future Driver for Autonomous 
Operations: Artificial Intelligence 
(AI) & Machine Learning (ML) 
Tools
• The industry is seeing small spacecraft 
carry more data-heavy payloads (i.e. 
imaging systems)15
• Effective integration of artificial 
intelligence (AI) with space data is key 
to realizing value within vast datasets 
collected
• Combining AI with cutting-edge 
machine learning (ML) capabilities will 
facilitate the advancement of on-orbit 
data processing, increasing the 
efficiency of smallsat constellations
AI/ML
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Five processes from which fault modes may arise in autonomous systems:16
1. Goals and Goal Generation
2. Inference and Reasoning
3. Planning and Execution Control




• Task planners are not aware of the application in which they are being applied
• Only successful when models are implemented with a sufficient level of detail and cost functions properly represent 
the goal 
• If not defined properly, the task plan that successfully optimizes the cost function may not result in the desired behavior 
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Internal research and development (IR&D) efforts focused on tools to enable design and test of autonomous 
constellation operation systems:
• Goal of system
• Design tasks that meet mission objectives while maximizing the performance metrics related to these objectives
• Must formally define cost functions
• Both a qualitative and quantitative definition of cost
• Method of state propagation that can utilize this definition of cost function
• Propagator is responsible for determining the state (and cost) that would result from a given task
Autonomy Roadmap
8
Two categories of IR&D: 
1) State and Cost Calculation 2) State and Cost Propagation
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Constellation Cost Functions
• The weighted deviation of the system’s state from the “goal” state of a given 
objective while meeting conditions for that objective
• Analogous to the “health” of the system 
• Cost functions must be defined in the context of each mission objective
Autonomy Roadmap
9
Cost functions are defined as:
𝑇𝑇𝑇𝑇𝑇𝑇𝑇: 𝐽𝐽 = 𝑊𝑊Δ �𝑋𝑋
𝐼𝐼𝐼𝐼 𝐶𝐶 ∗n
Where:







𝑪𝑪𝒏𝒏∗ − 𝐶𝐶𝐶𝐶𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑇𝑇𝐶𝐶𝐶𝐶 𝐼𝐼𝐶𝐶𝑓𝑓 𝐶𝐶𝑇𝑇𝑇 𝑇𝑇𝐶𝐶𝑇 𝑐𝑐𝐶𝐶𝑐𝑐𝐶𝐶 𝐼𝐼𝑓𝑓𝑇𝑇𝑐𝑐𝐶𝐶𝐶𝐶𝐶𝐶𝑇𝑇
𝑱𝑱 − 𝐶𝐶𝐶𝐶𝑐𝑐𝐶𝐶
𝑾𝑾 −𝑊𝑊𝑇𝑇𝐶𝐶𝑊𝑊𝑇𝐶𝐶𝐶𝐶𝑇𝑇𝑊𝑊 𝑚𝑚𝐶𝐶𝐶𝐶𝑓𝑓𝐶𝐶𝑚𝑚
𝑿𝑿∗ − 𝐺𝐺𝐶𝐶𝐶𝐶𝐶𝐶 𝑐𝑐𝐶𝐶𝐶𝐶𝐶𝐶𝑇𝑇
𝑿𝑿 −𝑀𝑀𝑇𝑇𝐶𝐶𝑐𝑐𝑓𝑓𝑓𝑓𝑇𝑇𝐶𝐶 𝑐𝑐𝐶𝐶𝐶𝐶𝐶𝐶𝑇𝑇
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Example Cost Function Objectives and Conditionals
• Objective 1: maintain current orbit and power levels
• Conditional for objective 1 (       ) is always true
• Objective 2: image a certain area of the Earth. 
• Conditional for objective 2 (       ) is true if the 
spacecraft is in a “surface imaging” mode
Variable Name Goal Value, 𝑿𝑿∗ Weight
Angular Velocity (0,0,0) rad/sec (1,1,1)
Incoming Charge 100 W 0.01
Total Power Load 20 W 0.01
State of Charge 100 % 0.001





Variable Name Goal Value, 𝑿𝑿∗ Weight
Target Acquired 1 boolean 5
Attitude Error (0,0,0) rad (10,10,10)
Angle To Target 0 rad 2
State of Charge 100 % 0.5
Goal State for Objective 2
First the cost is calculated assuming that the conditions for objective 1 are 
true but the conditions for objective 2 are false. To calculate the 








The instantaneous cost is then determined to be:
𝐽𝐽 = 𝑾𝑾�∆𝑋𝑋 = 0.001093
The goal state of objective 2 (denoted with subscript “coll”) and its 
corresponding weights are augmented with the goal state and weights of 




,𝑾𝑾 = 𝑾𝑾𝑛𝑛𝑛𝑛𝑛𝑛 00 𝑾𝑾𝑐𝑐𝑛𝑛𝑐𝑐𝑐𝑐
To evaluate the instantaneous total cost, a new state is obtained for objectives 















The complete cost is then calculated as:
𝐽𝐽 = 𝑾𝑾�∆𝑋𝑋 = 0.16342
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Autonomy Roadmap
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Redwire’s Advanced Configurable Open-system Research Network (ACORN) 
• Being leveraged as a high fidelity spacecraft simulation to support the development of this cost 
function tool
• Ingests telemetry and uses it to evaluate user-defined conditionals and cost functions in real time
Redwire’s Dynamic Relative Telemetry 
Calculator (DRTC) 
• Constellation monitoring application that 
ingests raw telemetry from a constellation 
and aggregates the data to show how the 
spacecraft are behaving relative to one 
another
• Calculates telemetry like range, range rate, 
and pointing angles
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Constellation State Prediction
• Redwire, in collaboration industry partners, 
is working to develop a prototype 
propagator that is capable of using 
current spacecraft subsystem states to 
predict future subsystem states with a 
high level of accuracy. The goal of this 
effort is multifaceted:
1. To understand what features are 
necessary to predict a desired forecast 
metric
2. Develop a machine learning model that 
can be used to predict a desired forecast 
metric
3. Develop a method for generating 




Metric of interest: “time until sunpoint” This metric was defined 
as the time required to find the sun during a power generation 
maneuver
At t=0s for this simulation, the actual time until sunpoint was 2,320 seconds. 
The exact performance metrics of the model are proprietary but clearly the 
model’s performance increased with time
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Virtualization of complex laboratories enables necessary scaling while optimizing both system agility and 
system efficiency
Virtualized, networked tools provide distributed/collaborative 
architectures for mission scaling Mission Scaling and Virtualization
• A critical component to achieving autonomy 
is the ability to thoroughly test and validate 
autonomous systems via ground testing 
platforms
• Tools must enable scaling from mission 
concept design to full flatsat integration while 
tying in to large constellations
• For large constellation analysis, tools are 
offered in virtual machine environments to 
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Future work
• Future work will include combining propagation tools with cost function development 
• The authors will seek to integrate with task planners to continuously produce constellation task lists that minimizes the predicted 
costs of given actions
Industry outlook
• Future autonomous mission operations will be unrecognizable as compared to traditional mission operations
• For Hybrid Architectures and Mesh Networks to truly work utilizing autonomous operations, engineers across the industry will need
to communicate and share ideas and research to ensure the systems are interoperable
Conclusions
14
More can be achieved through open collaboration as opposed to historical closed door development
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The authors thank the 35th Annual Small Satellite Conference and organizing committee for providing the opportunity 
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References:
1. Airbus, OneWeb Satellites constellation. https://www.airbus.com/space/telecommunications-satellites/oneweb-satellites-connection-for-people-all-over-the-globe, (accessed 24 May 2021).
2. Forbes, S., Defense Advanced Research Projects Agency DARPA, Blackjack. https://www.darpa.mil/program/blackjack, (accessed 13 May 2021).
3. Space Development Agency SDA, https://www.sda.mil, (accessed 24 May 2021).
4. Harris, M., IEEE Spectrum, SpaceX Preps Self-Driving Starlink Satellites for Launch. https://spectrum.ieee.org/tech-talk/aerospace/satellites/spacex-preps-selfdriving-satellites-for-launch, 22 May 2019 
(accessed 24 May 2021).
5. Smith, H., NASA, Distributed Spacecraft Autonomy (DSA). https://www.nasa.gov/directorates/spacetech/game_changing_development/projects/dsa, 23 October 2020 (accessed 13 May 2021).
6. Wertz, J.R. and W.J. Larson, Space Mission Analysis and Design, third ed., Microcosm Press, California and Springer, New York, 1999.
7. Nag, S., LeMoigne, J., and de Weck, O.L., Cost and Risk Analysis of Small Satellite Constellations for Earth Observation, IEEE Aerospace Conference, Big Sky, MT, USA, 2014.
8. Foreman, V.L., Le Moigne, J., and de Weck, O.L., A Survey of Cost Estimating Methodologies for Distributed Spacecraft Missions, AIAA SPACE, Long Beach, CA, USA, 2016.
9. Fong, T., Autonomous Systems NASA Capability Overview. https://www.nasa.gov/sites/default/files/atoms/files/nac_tie_aug2018_tfong_tagged.pdf, 24 August 2018 (accessed 13 May 2021).
10. NASA Office of the Chief Technologist, 2015 NASA Technology Roadmaps. https://www.nasa.gov/offices/oct/home/roadmaps/index.html, 2015 (accessed 13 May 2021).
11. O’Donnell Jr., J.R., Concha, M.A., Morrissey, J.R., Placanica, S.J., Russo, A.M., and Tsai, D.C., Space Technology 5 Launch and Operations, AAS Guidance and Control Conference, Breckenridge, CO, USA, 
2007.
12. NASA, ST5 Spacecraft & Instruments. https://www.nasa.gov/mission_pages/st-5/spacecraft/index.html, (accessed 13 May 2021).
13. Frazzoli, E., Dahleh, A., Feron, E., and Kornfeld, R.P., A Randomized Attitude Slew Planning Algorithm for Autonomous Spacecraft, AIAA GNC Conference, Montreal, Quebec, CA, 2001.
14. Francis, G.D., Collins Jr., E.G., Chuy, O., and Sharma, A., Sampling-Based Trajectory Generation for Autonomous Spacecraft Rendezvous and Docking, AIAA GNC Conference, Boston, MA, USA, 2013.
15. NASA, State of the Art of Small Spacecraft Technology: 8.0 Command and Data Handling. https://www.nasa.gov/smallsat-institute/sst-soa-2020/command-and-data-handling, (accessed 13 May 2021).
16. Atkinson, D.J., Emerging Cyber-Security Issues of Autonomy and the Psychopathology of Intelligent Machines, AAAI Spring Symposium, Palo Alto, CA, USA, 2015.
17. LaValle, S.M., Sampling-Based Planning Under Differential Constraints in Planning Algorithms, Cambridge University Press, Cambridge, UK, 2006.
Acknowledgements
15
© 2021 Redwire. Proprietary, All Rights Reserved.
Constellation Forecasting Tools for 
Autonomous Operations
Alexander Dunn, Joseph Miceli, Michael Reher
Redwire Space
Phone: +1.303.904.6060
Email: alex.dunn@redwirespace.com
16
